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Abstract 
 
The Spanish Peaks Wilderness of south-central Colorado is a diverse igneous complex 
which includes a variety of mid-Tertiary intrusions, including many small stocks and dikes, into 
Cretaceous and early Tertiary sediments. The focus of this thesis is to determine whether 
gabbroic xenoliths found within an andesitic dike on Western Spanish Peak were accidental or 
cognate, and their implications for the magma evolution of the area. A total of twelve samples 
were collected from a single radial dike, eleven of which were sliced into thin sections for 
petrological analyses. From the cut thin sections, six were chosen for electron microprobe 
analysis to determine mineral chemistry, and billets of ten samples were subject to ICP-MS 
analysis to determine bulk rock, trace element chemistry.  
 
 Xenoliths were dominated by amphiboles, plagioclase feldspars, clinopyroxenes and 
opaques (Fe-Ti oxides) distributed in mostly porphyritic to equigranular textures. Pargasitic and 
kaersutitic amphiboles are present in both the xenoliths and the host dike. Additionally, 
plagioclase feldspars range from albite to labradorite, and clinopyroxenes range from augite to 
diopside. All xenoliths were found to be enriched in elements Ti, Sr, Cr and Mn compared to the 
host dike and other Spanish Peak radial dikes.  
 
 The data and fractionation models suggest that the xenoliths were incorporated within the 
andesitic, radial, host dike from a subsurface pluton that shares a genetic relation not only to the 
host dike but also to other radial dikes within the area implying a ubiquitous parent magma body.  
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Chapter 1 
INTRODUCTION 
 
General  
 
Xenoliths are samples of foreign rocks, or rocks having a noticeably different 
mineralogy, texture and composition than the igneous host rock in which they are incorporated 
(Fig. 1.1). As magma moves towards the surface, it can incorporate either accidental or cognate 
(genetically related) xenoliths. Accidental xenoliths occur when the magma picks up fragments 
of older country rock as it rises toward the surface. Cognate xenoliths, however, derive from 
rocks related genetically to the magma itself from deep within the magma plumbing system, in 
which case they are referred to as “cognate xenoliths.”  
 
Figure 1.1. Sample IC-1 of a noticeably darker, coarse grained gabbroic xenolith found 
incorporated in a lighter grey andesite dike from Western Spanish Peak, CO. Scale is in 
inches.  
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This thesis focuses on xenolith samples (Fig. 1.1) I collected from within a single radial 
dike located on the southwestern slope of Western Spanish Peak (Fig. 1.2). I described their 
petrology and chemistry in order to understand their origin and implications for the genesis and 
evolution of magmas in the Spanish Peaks igneous complex.  
 
Geological Background 
 
The 30 square mile Spanish Peak Wilderness is located east of the Colorado Front Range 
and the Sangre de Cristo mountain range, and roughly 20 miles southwest of the town of 
Walsenburg, Colorado (Hutchinson, 1987). The wilderness bears the name for the conical, twin 
East and West Spanish Peaks towering to 12,708 feet (3870 m) and 13,623 feet (4150 m) above 
sea level respectively, both of which rise roughly 7,500 feet above the nearby Great Plains to the 
east (Hutchinson 1987; Johnson, 1968).  
 
Figure 1.2. The location of Spanish Peaks within the Raton Basin in south-central 
Colorado. Adapted from Penn and Lindsay (2009).  
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Spanish Peaks Wilderness, which lies within the Raton Basin, is characterized by 
numerous mid-Tertiary igneous intrusions into the late Cretaceous and early Tertiary age basin 
sediments (Figure 1.3). Continental rifting of the Rio Grande Rift is believed to have provided 
stresses to fold Tertiary Raton Basin sediments to form the La Veta syncline (Figure 1.2; 
Johnson, 1961) whose axis bisects the basin and into which the Spanish Peaks intruded.  
 
While both Spanish Peaks intrude surrounding Tertiary sediment (Fig. 1.3), their stocks 
are entirely different rock types. West Spanish peak is composed mainly of syenodiorite while 
East Spanish Peak stock is composed of granitic and granodiorite porphyries (Johnson, 1961; 
Hutchinson, 1987). Both granitoids formed between 26.6 to 21.8 Ma (Stormer, 1972), and Penn 
and Lindsay (2009) used Stormer’s dates along with new K-Ar, 
40
Ar/
39
Ar and fission track 
dating to determine West Spanish Peak to be approximately 24.6 ± 0.13 Ma and East Spanish 
Peak, 23.9 ± 0.08 Ma (Figure 1.4).  
 
These dates encompass the period after compressional stresses that formed the Laramide 
Orogeny had changed to extensional stresses associated with the Rio Grande Rift. Penn (1994) 
developed a regional genesis model to describe how Spanish Peaks and the radial dikes 
surrounding it were emplaced as a result of the nearby Rio Grande Rift (Figure 1.5). Crustal 
thinning on the eastern flank of the Rio Grande Rift allowed for partial melting of the hydrous 
mantle under the Raton Basin to occur and magma to rise from the mantle. As this magma began 
to rise, it first pooled at the crust-lithospheric mantle boundary where it melted the surrounding 
crust to create a silicic plume that would rise and eventually become West Spanish Peak. 
Continued partial melting of the mantle would allow for a second magma chamber to pool at 
mid-crustal depths which also melted the surrounding crust, creating felsic and intermediate 
plumes that would rise through the same magma plumbing system as W. Spanish Peak to 
emplace East Spanish Peak and the radial dikes surrounding Western Spanish Peak.   
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Figure 1.3: Geologic Map of Raton Basin spanning from southern CO to northern NM. 
The Spanish Peaks area is surrounded entirely by Tertiary sediments. Radial dikes are 
indicated in black. (Miggens, 2002) 
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Figure 1.4: A chronological age chart of the Spanish Peaks Igneous Complex. Dating methods 
included K-Ar, 
40
Ar/
39
Ar and fission track (FT) of minerals listed in the right column. Spanish 
Peaks stocks and radial dikes have overlapping ages. (Penn and Lindsay, 2009) 
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Figure 1.5. Spanish Peaks regional genesis model modified from Penn (1994). (A) Partial 
melting of the hydrous mantle due to nearby rifting emplaces mafic dikes in Raton Basin. 
(B) Magma pools at crust-lithospheric mantle boundary. (C) Lower crustal melting 
creates a silicic plume to be emplaced as W. Spanish Peak (WSP). (D) Another magma 
chamber pools at mid-crustal depth. (E) Emplacement of E. Spanish Peak (ESP) and 
radial dikes surrounding W. Spanish Peak.  
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Both Spanish Peaks are surrounded by an array of dikes that radiate away from the peaks 
(Figure 1.3). The hundreds of radial dikes in this complex, referred to as a radial swarm, form an 
ellipse designating W. Spanish Peak as one of the foci. As such, most but not all dikes converge 
exclusively upon W. Spanish Peak. However, Knopf (1936) provided a surficial observation that 
it appeared that no dikes come in contact with W. Spanish Peak stock itself, asserting therefore 
the dike magmas and stock magmas are not related.  
 
In general the dikes are vertical, range in width from 10 to 100+ feet and in some cases 
intruded for ~14 miles long. These radial dikes range in composition across a wide spectrum 
from mafic lamprophyres and basalts to numerous intermediate diorites and a few granodiorites 
to granite and microgranite dikes (Hutchinson and Vine, 1987). According to Johnson (1961) the 
order just mentioned from mafic to silicic also reflects the relative ages of the dikes, i.e. the 
mafic dikes were oldest and the felsic the youngest.  Johnson (1961) believes the dikes formed as 
the result of preferential magmatic intrusion into the joint system that Western Spanish Peak 
previously had created during the folding of the La Veta syncline. Although the radiometric age 
of the xenolith-bearing dike itself is unknown, it probably falls between 24.6 ± 0.13 Ma and 23.3 
± 0.04 Ma, the age of W. Spanish Peak and the age of other nearby radial dikes on the west side 
of W. Spanish Peak (Fig. 1.4; Penn and Lindsay, 2009).  
 
Methods 
 
I collected samples of coarse grained, gabbroic xenoliths (Figure 1.1) from Western 
Spanish Peak roughly below tree-line on the southwestern slope (Figure 1.6). After initial 
photographs were taken, these samples were evaluated and some were prepared for thin sections 
for petrological analysis and photomicrographs. I prepared these thin sections within University 
of Colorado-Boulder Rock Shop located in the basement of Benson Earth Sciences building. 
Here samples were first cut with a diamond saw, epoxied to glass slides, and ground down to 30 
μm by hand using 400 and 600 silicon carbide grit.   
 
Remnant billets of the samples from which thin sections were cut, representing xenoliths 
along with small samples of the host dike and other dikes from around W. Spanish Peaks, as well 
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as a sample of the syenodiorite stock that forms the peak, were crushed by hand and powdered 
using a tungsten carbide shatter box. These powders were dissolved in HF for Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS) analysis. The purpose of these analyses was to 
determine bulk rock trace element composition. 
 
  
Figure 1.6A: View of West Spanish Peak (A) from the southwest with an indication just below 
tree line where all samples were collected. Sample collection site (B) looking towards the 
summit of W. Spanish Peak - note the fragmented host dike unit, broken along cooling fractures 
with rock hammer for scale. Courtesy of Travis Johnson.  
 
 Once xenolith-minerals were identified and photographed under petrographic 
microscopes, select samples were further polished for electron microprobe analysis to determine 
their major oxide geochemistry. This hand polishing was accomplished in two different polishing 
wheel steps: one with a 10 μm and one 6 μm diamond suspended solution. Once polished, 
specific minerals including amphiboles, plagioclases and clinopyroxenes were marked on slides 
for microprobe analysis. This process was carried out on JEOL JXA-8600 superprobe within 
Laboratory of Environmental and Geological Sciences (LEGS) of University of Colorado 
Boulder.   
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Chapter 2 
 
PETROLOGY 
 
Introduction 
 
Through macroscopic observation and petrographic analysis of thin sections, I found that 
the xenoliths differ from the host dike (Figure 2.1A), from the W. Spanish Peak stock (Figure 
2.1B) and other Spanish Peaks radial dikes in three key ways: color, mineral content, and texture. 
In this chapter the petrology of xenoliths, the host dike, W. Spanish Peaks stock and other radial 
dikes of Spanish Peaks are described in detail. The xenoliths are grouped into six different types 
based upon both their hand sample and thin section petrologic properties. In general the xenoliths 
are dark grey to dark green in color and exhibit more large crystals of mafic minerals than the 
host dike in which they are incorporated. The major mineral phases in these xenoliths include 
amphibole, clinopyroxene, plagioclase feldspar, apatite and opaques. In comparison, the host 
dike is grey, fine grained and has more felsic (or silica rich) minerals. Its dominant mineral phase 
is plagioclase along with minor amphibole and clinopyroxene. Alteration to chlorite and epidote 
is present in both host dike and xenolith samples.  
  
Figures 2.1A and 2.1B: Sample IC-1 (A) displays a xenolith embedded within the grey host dike. 
The xenolith has a texture of coarse spikes of amphiboles randomly oriented and intertwined 
with other minerals. In comparison the dike surrounding it is fine grained with only a few small 
mafic phenocrysts. The West Spanish Peak granite stock (B), or sample IC-16, shows an overall 
equigranular texture with the white color reflecting the presence of plagioclase, orthoclase and 
quartz, with black crystals of biotite, clinopyroxene and opaques interspersed. Scale in inches. 
 10 
 
W. Spanish Peak Stock 
  
The granitic stock of West Spanish Peak (sample IC-16; Fig. 2.1B) is a felsic, 
holocrystalline rock with an equigranular texture, meaning minerals are more or less equivalent 
size. In hand sample it is white in color with intermittent dark crystal grains of roughly the same 
size, all of which are visible to the naked eye. Approximate mineral abundances are quartz 30%, 
plagioclase feldspar 30%, potassium feldspar (orthoclase) 10%, clinopyroxene 10%, biotite 10%, 
and opaques 10% (Figure 2.2). Large quantities of quartz and plagioclase are sutured together to 
form the basis of this rock with occasional clinopyroxene, biotite micas and opaques 
interspersed. The omnipresent amounts of quartz indicate that this is a felsic rock. Most quartz 
while having a similar size compared to plagioclase crystals is broken up into smaller crystals. 
The plagioclase feldspar almost exclusively shows simple twinning, and is the second most 
abundant mineral of this rock. Most plagioclase crystals are subhedral though all show a regular 
rectangular habit. Orthoclase is the only alkali feldspar found and it only appears in this sample. 
Clinopyroxenes are altered to chlorite in general. Biotite crystals are light green/brown and are a 
little smaller than quartz and plagioclase crystals. Some exhibit cleavage in the same direction 
and all display a blotchy birefringence under cross-polars. There is little to no alteration present 
in this stock except for clinopyroxene.  
This rock has been called a quartz monzonite or quartz syenite by Miggens (2002) and 
Penn and Lindsay (2009), who describe it as “a  holocrystalline, phaneritic, fine- to medium-
grained, hypidiomorphic-granular quartz syenite.” They note that phenocrysts are subhedral 
except for anhedral quartz grains. In their sample, the following are present as phenocryst 
phases: “plagioclase (1–5 mm) is moderately altered to sericite with some grains exhibiting 
oscillatory zonation; orthoclase (0.5–3 mm) exhibits undulatory extinction, moderate alteration, 
and some inclusions of apatite; diopside (0.5–2 mm) is extensively altered to chlorite with 
inclusions of anhedral opaques (< 0.1 mm); apatite (< 1 mm) is present as subhedral to euhedral 
crystals” (Penn and Lindsay, 2009).
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Figures 2.2A and 2.2B. Photomicrographs of sample IC-16 from the W. Spanish Peak stock in 
both (A) plane polarized and (B) crossed polarized light. Main mineral phases include quartz, 
plagioclase and potassium feldspars, biotite, clinopyroxene, and opaques. Notice the high 
abundance of larger crystal grains of quartz and plagioclase sutured together. Micas are seen to 
be orange in A, while having higher birefringence colors of purple, pink and blue in B. 
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Host Dike 
  
The radial dike hosting all of the xenoliths which I collected is classified as an 
intermediate rock or andesite. In hand sample it is a grey color and has few larger crystals visible 
to the naked eye within a finer matrix i.e. porphyritic texture (Figure 2.3B). In thin section, the 
host dike bears a plagioclase groundmass with phenocrysts of rounded amphiboles and fractured 
clinopyroxenes penetrated with the alteration minerals epidote and chlorite (Figure 2.3A).  
Approximate mineral abundances are plagioclase and potassium feldspar 40%, amphibole 30%, 
quartz 10%, clinopyroxene 10%, opaque minerals 5%, chlorite 5%. The dike contains some large 
amphibole phenocrysts (Fig. 2.3B). 
 
  
Figure 2.3A and 2.3B: Photomicrograph (A) of a thin section of Sample IC-4 in plane polarized 
light with host dike on the left part of the slide and xenolith on the right. Notice the similar 
mineral assemblages, yet drastic difference in mineral proportions, crystal size and texture 
between the host dike and xenolith. Photo (B) shows a hand sample of Sample IC-1 displaying a 
primarily grey host dike with an immense amphibole (scale is in inches).  
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Xenoliths 
General 
 I divided the xenoliths into six groups based on differences in mineralogy, texture and 
alteration (Notes column).  
 
 
Samples IC- Main Mineral Phases Texture 
Alteration  
Minerals Notes  
Host Dike 
1, 2, 4, 7, 12, 
13,15 
Plag, Amph,  Cpx, Op, 
K-spar, Qtz porphyritic Chlor K-spar, Qtz 
Xenolith 
Group 1 7, 11, 15 Amph, Plag, Op, Ap  equigranular - 
No Cpx, 
No Alteration 
       Xenolith 
Group 2 2, 6A, 10 
Amph, Plag, Cpx, Op, 
Qtz  porphyritic Chlor Qtz, No Ap 
       Xenolith 
Group 3 4, 12 
Amph, Plag, Cpx, Op, 
Ap  porphyritic Chlor All Minerals 
       Xenolith 
Group 4 8 Amph, Plag, Cpx, Op. porphyritic Chlor Amph Size 
       Xenolith 
Group 5 14 Amph, Cpx, Op  equigranular Chlor No Plag 
       Xenolith 
Group 6 1, 13 Amph, Plag, Cpx, Op  porphyritic Chlor, Epid. 
High 
Alteration 
Table 2.1. Summary of Xenolith groups based on mineralogy, alteration and texture; note Amph 
= amphibole, Plag = plagioclase, Cpx = clinopyroxene, Op = opaques, Ap = apatite, Qtz = 
quartz, K-spar = potassium feldspar, Chlor = chlorite, Epid = epidote.   
 
 
Xenolith Group 1: Samples IC-7, IC-11 and IC-15 
 
 Petrological analysis of xenoliths samples IC-7, IC-11 and IC-15 reveals an overall 
equigranular texture of amphibole sutured with plagioclase, with occasional larger amphibole 
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crystals (Figures 2.4 and 2.5). These minerals have relative abundances of amphibole >40%, 
plagioclase <40%, opaques 18% and 2% apatite.   
  
Amphiboles are euhedral to subhedral in shape, have a light tan to dark brown color. All 
three samples have amphiboles about 500-1000 μm sutured with plagioclase; however, sample 
IC-15 is the only sample (besides IC-8) to have an enormous amphibole around 1.5 cm.  
 
 Plagioclase feldspars are the other minerals in somewhat less abundance than amphibole. 
These crystals range from 500μm to just shy of 1 mm and are identified by their polysynthetic 
twinning. Sample IC-11 especially demonstrates simple and polysynthetic twinning as well as a 
larger zoned crystal up to 1 mm in size (Fig. 2.5B).  
 
 The opaques in all these samples are peppered within the sutured zone of plagioclase and 
amphiboles. They are titanium rich magnetites (as revealed by the electron microprobe) and are 
bigger than most other xenolith samples at upwards of 350μm. Additionally, these xenoliths have 
the largest concentrations of opaques of any of the six xenolith groups. 
 
 Clinopyroxene, in addition to alteration minerals, are notably absent from this sample. 
These are the only xenolith samples to demonstrate little to no alteration whatsoever and also 
lack clinopyroxenes of any noteworthy size and abundance.  
  
Figure 2.4A and 2.4B. These photos demonstrate the difference in hand samples of two Group I 
xenoliths IC-11 and IC-15.  
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Figure 2.5A-D. These photomicrographs are of Group I xenolith samples IC-11 and IC-15 
respectively in plane polarized (A and C) and cross polarized light (B and D). Notice the similar 
texture of amphiboles and plagioclases stitched together in both samples. Brown amphiboles 
differ in size in each sample.  
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Xenolith Group 2: Samples IC-2, IC-6A and IC-10 
 
 These xenoliths are grouped together based on their color and texture in hand sample 
(Fig. 2.6), and similarity in thin section (Fig. 2.7). Each sample has a lighter grey to white color 
in hand sample which distinguishes them from other darker, more mafic xenoliths. However, 
where samples IC-6A and IC-10 have a texture with small spikes of amphibole no longer than 10 
mm, sample IC-2 does not, but instead displays random mafic spots. All of these samples appear 
similar in thin section with the exception of IC-6A which demonstrates the elongated amphibole 
spike texture.  
 
Sample IC-2 was developed into two thin sections 2A and 2B (Figs. 2.7A and B).  
Xenolith IC-2B, which is representative of the entire group, has a porphyritic texture with 
phenocrysts of amphibole within a smaller plagioclase crystal matrix. Main mineral phases are 
amphibole 35%, plagioclase 30%, clinopyroxene 10%, opaques 15%, chlorite 8%, and quartz 
2%. 
   
Amphibole crystals are light to darker brown, mostly subhedral and range in size from 
250-2500 μm. In some cases they exhibit overgrowth by opaques, or holes filled with chlorite 
due to alteration. In the special case of IC-6A, the amphiboles are preferentially elongated in the 
same direction though adjacent crystals e.g. clinopyroxene and plagioclase show no degree of 
foliation.  
 
 Plagioclase feldspar crystals are transparent to faint green in color, subhedral with a 
rectangular habit, and range in size from 250-1000 μm. They show simple twins and signs of 
degradation due to alteration. 
  
 Clinopyroxene is a light green, transparent mineral present in third highest abundance but 
still in less proportion than amphibole or plagioclase. It is distinguished by its higher order 
birefringence, and its close proximity to chlorite, by no coincidence, since alteration is present.  
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 Chlorite appears in smaller occurrence than clinopyroxene as a greener transparent 
mineral in/around every mineral previously mentioned. I estimate the larger crystals to be about 
100 μm in size and all have a deep purple/blue birefringence.  
 
 Quartz is also present in the lowest abundance – even less frequent than chlorite. In 
sample IC-10, it has its characteristic undulatory extinction seen in crystals no bigger than 100 
μm.  Opaques are less abundant than in Group I xenoliths. 
 
 
 
 
  
Figure 2.6A and 2.6B. Samples IC-2 and 6 both show a felsic xenolith with distinct lighter color, 
but IC-6 has a texture of small spikes of amphibole that are ~1/8 in. whereas IC-2 has no visible 
spikes. Scale is in inches. 
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Figure 2.7A-D. Photomicrographs of Group II xenolith samples 2A, 2B, 10, and 6A respectively, 
under plane polarized light. Observe the similar textures having brown shaded amphiboles and 
pale green clinopyroxenes within a finer plagioclase matrix (A and B). Notice the random 
orientation of amphiboles in (C) as compared to the elongated texture of the amphiboles (D). The 
host rock appears in the top right of B. 
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Xenolith Group 3: Samples IC-4 and IC-12 
 
 The third xenolith group is formed of samples IC-4 and IC-12. These two xenoliths look 
different in hand sample but are nearly identical in thin section. Petrological analysis revealed 
IC-4 appears to have a darker green groundmass and IC-12 has one lighter green in color and 
coarser gabbroic texture (Figures 2.8A-D). Both possess large crystals of amphibole, and while 
IC-4 has large crystals of plagioclase too, IC-12 does not. Main mineral phases are consistently 
amphibole, clinopyroxene, plagioclase and opaques. Relative abundances of these minerals, 
however, vary slightly. IC-4 has amphibole at 40%, plagioclase at 30%, clinopyroxene 5%, 
chlorite at 5% and opaques at a larger 20%. By comparison, IC-12 has mineral abundances of 
amphibole lower at 30%, plagioclase equivalent at 30%, clinopyroxene higher at 20%, chlorite 
slightly higher at 10%, and opaques and apatite less than 10%. Both show signs of alteration, 
especially in sample IC-4. 
 
 Amphiboles are the largest crystals being from 2-4 mm. They are dark brown to amber 
colored and both euhedral and subhedral. They also have levels of alteration (higher in IC-4). 
Where fractures and holes have occurred, they have been filled with chlorite.  
 
 Plagioclase exists mostly as fine crystal grains in the groundmass, however, within IC-4 
there are only a few, 1 mm long, slender phenocrysts with no twinning.  
 
 Clinopyroxene can be found in both samples. However, IC-12 holds significant amounts 
of it whereas IC-4 has little to none remaining because of alteration. Crystal sizes for both 
samples are ~100 μm across and are clear to faintly transparent green where affected by chlorite. 
 
 Sample IC-4 is enriched in opaques and apatite (Fig. 2.8A and B) relative to IC-12, 
having unique rectangular or blobby shaped grains roughly 1 mm big, whereas in sample IC-12, 
they are significantly <1mm and are scattered into rounded shapes.  
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 Chlorite is also more prevalent in sample IC-4 than IC-12. Since sample IC-4 reflects a 
higher degree of alteration, chlorite crystals are the same size, but simply more prevalent than in 
IC-12. 
  
  
Figures 2.8A-D: These four photos show both Group III xenolith samples IC-4 (A) and IC-12 
(B) in plane polarized and crossed polarized light. Notice the similarities and differences of both 
including minerals and their proportions and the intense alteration of 4 in comparison to 12.  
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Xenolith Group 4: sample IC-8 
 
 Sample IC-8 is very distinctive in thin section because it has the largest amphibole of all 
xenoliths, some nearly as long as the thin section (Figure 2.9). The main mineral assemblages are 
amphibole, plagioclase and clinopyroxene. Mineral abundances are amphibole 45%, plagioclase 
30%, clinopyroxene 15%, opaques 5%, chlorite 5%. There is some alteration, but not a 
substantial amount. 
  
 Amphiboles have a light to medium brown color with subhedral crystal shapes, and are 
sized between 2 mm to 2 cm long. They are also fractured, but still demonstrate cleavage. The 
only other amphiboles comparable in size to this sample are found in IC-15, yet they are also 
surrounded by a different proportion of minerals. Like many other samples, holes exist and are 
filled with altered minerals. 
 
Plagioclase feldspars are usually large in size up to 2 mm and have simple twins. Due to 
the high levels of alteration, the twinning is fairly preserved, but damaged within some crystals.  
 
 Clinopyroxene crystals are roughly 100-200 μm in size and like many other samples are 
penetrated by chlorite having sustained significant alteration. Although, roughly the same 
amount of crystals occur, in this xenolith they are bigger and thus the relative abundance is 
greater than in other samples.  
 
 The same applies to opaques which are bigger, but still less frequent than in other 
xenolith samples; additionally, the opaques are overgrowth crystals resting on top of mostly 
plagioclase and some have holes filled with chlorite. 
  
 Levels of chlorite and otherwise alteration in this sample are minimal.  
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Fig 2.9A and B. Photomicrographs of Group IV xenolith sample IC-8 in: (A) plane polarized 
light, and (B) Crossed-polarized light. This sample is yet another porphyritic texture with 
enormous amphibole (~2 cm) and smaller plagioclase phenocrysts. This sample is enriched in 
clinopyroxene relative to most other samples, but not by a wide margin.  
 
Xenolith Group 5: sample IC-14 
 
 The xenolith sample IC-14 is completely dark and has no relic of the host dike attached, 
thus making it unique. This sample has more of an equigranular mineral texture and is 
completely bereft of plagioclase (Figure 2.10). The mineral assemblage and relative abundance 
of this sample can be broken down into simply amphiboles 45% and clinopyroxenes 45% with 
few opaques 5% and chlorite 5%. 
  
 Amphiboles constitute nearly half the proportion of the thin section and are present in a 
large string of mineral clusters. The crystals are light to medium brown, often fracture with 
apparent cleavage, and average about 2mm in size. Alteration minerals can be found in holes 
within amphiboles like many other samples. 
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 Clinopyroxenes make up the other majority of the mineral abundance, in roughly the 
same proportions as amphibole, unlike many other xenolith samples. Clinopyroxene crystals are 
2-3 mm in size and again are about as large as the amphiboles. They are recognized by their 
higher order birefringence of blues and yellows, and are fractured and altered in some places, but 
not many.  
 
 Chlorite exists in the same, low proportions as the opaques. Chlorite crystals occur within 
holes or fractures where amphibole and clinopyroxene crystals are present.  
 
 Plagioclase feldspars are notably absent from this sample.  
 
 
  
Figure 2.10. These photomicrographs depict sample IC-14 in both (A) plane polarized and (B) 
crossed polarized light. High percentages of brown amphibole and pale green clinopyroxene 
dominate the slide while minor opaques and alteration is present.   
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Xenolith Group 6: Sample IC-1 and IC-13 
 
 Xenolith samples this group are both mafic xenoliths. IC-1 is embedded in the andesitic 
host dike and IC-13 is just a fragment. IC-1 is notable because in hand sample the xenolith has a 
distinguished texture of long spikes of amphiboles randomly oriented in all directions interlaced 
with other mafic minerals in a porphyritic texture (Figure 2.11). Unfortunately, this texture is not 
well represented within the thin section. This group has the strongest alteration present and both 
have an overall green colored thin section. 
  
 Main mineral phases present in this sample are amphibole,  plagioclase, and  
clinopyroxene. These relative mineral abundances are placed at amphibole 30%, plagioclase 
20%, clinopyroxene 10%, alteration minerals 25%, opaques 15%.  
 
 Amphiboles are dark green, 2 mm spikes assembled in the plagioclase matrix (similar to 
IC-6) only they are not well preserved. They are almost undetectable in thin section due to their 
extreme alteration which hardly preserves their optic qualities. Chlorite occupies fractures and 
mutes their birefringence and native light brown color.  
 
 Though few plagioclase crystals are phenocrysts they are very small (100 μm), most of 
the plagioclase is located within the groundmass. Of the phenocrysts, only simple twins are 
visible amidst high levels of alteration. 
 
Clinopyroxene crystals are scarce and also affected by alteration since it is penetrated by 
chlorite in many cases. It is a darker green, transparent mineral and crystals are no bigger than 
~200 μm and fractured. Clinopyroxene in this extremely altered case is difficult to distinguish 
with epidote since they both are in close proximity to chlorite, and there is little discernable 
cleavage.  
 
 Since this xenolith shows signs of alteration, chlorite is in great abundance at 25%. 
Chlorite crystals are lighter green in plane polarized light and are found in amphiboles and 
 25 
 
clinopyroxenes. Epidote accompanies chlorite and in some cases is surrounded by it entirely. 
Though many other samples have minimal amounts of epidote, the group seems enriched.  
 
  
  
Figure 2.11A-D. Group VI xenolith samples IC-1 (A, B) and 13 (C, D) respectively are shown in 
plane and crossed polarized light. Mineral phases are amphibole, plagioclase, clinopyroxene and 
chlorite. Note the overall green color of the slides and the abundant presence of chlorite 
nullifying the optical properties of amphibole and clinopyroxene especially. The host dike can be 
seen the left in both sides.  
 26 
 
Other Radial Dikes 
Five other radial dikes of Spanish Peaks are described here in thin section only. They were 
collected from the same region on the west side of West Spanish Peaks and represent how 
diverse the rock types of the radial dikes are in the surrounding region and the similarity of some 
of these dikes to the host dike.  
 
1. The Great Dike 
 
The first other radial dike sample collected in the nearby vicinity of W. Spanish Peak, the 
Great Dike is an intermediate andesite. In hand sample it is a light grey color with porphyritic 
texture. Approximate mineral occurrences and abundances are plagioclase feldspar 50%, quartz 
25%, biotite 10%, clinopyroxene 5%, amphiboles 5%, and opaque minerals 5% (Figure 2.12). 
Alteration is present. Plagioclase crystals are subhedral phenocrysts with polysynthetic and 
simple twinning and in the groundmass. Quartz appears in larger crystal clusters compared to 
plagioclase crystals. Amphibole and biotite are minor mineral phases. 
Figure 2.12A and B: Sample IC-17 or Great dike in: (A) plane polarized light, and (B) crossed-
polarized light. Larger phenocrysts of plagioclase feldspar show mostly simple twinning (B: top 
and right center, bottom right) and finer crystals in the groundmass. Note the large abundance of 
plagioclase relative to quartz, biotite, amphiboles and opaques. 
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2. SPD1 
 
This radial dike is described as having a porphyritic texture with phenocrysts of mostly 
plagioclase, and amphibole and biotite intertwined within a quartz/plagioclase matrix (Figure 
2.13). Mineral abundances are plagioclase 50 %, amphibole 10%, biotite 10%, quartz 15%, 
opaques 5%, chlorite 5%, and epidote 5%. The major mineral phenocrysts of plagioclase are 
subhedral, have polysynthetic and simple twins and are up to 2 mm long. Quartz is again present, 
but biotite and amphibole are minor phases. Alteration minerals are present and located within 
plagioclase crystals. 
 
 
  
Figure 2.13A and B. Plane polarized and cross polarized photomicrographs of SPD1 display 
significant amounts of plagioclase and quartz. This dike shares minor similarities with the host 
dike, but is mostly different exhibiting a more holocrystalline texture with lower proportions of 
groundmass, and higher abundance of zoned plagioclase feldspars, quartz and lack of 
amphiboles. 
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3. SPD2  
 
This radial dike has a porphyritic texture too, except the groundmass has much finer 
crystals compared to SPD1. Mineral abundances are plagioclase 45%, amphibole 10%, biotite 
20%, quartz 10%, opaque 5%, calcite 5%, and chlorite 5% (Figure 2.14). Phenocrysts of 
plagioclase are accompanied by biotite in a quartz/plagioclase matrix. Plagioclase crystals are 
zoned with similar twinning to SPD1. This dike has greater amounts of biotite than quartz or 
amphibole. All minerals within this slide appear very fractured, but minimal alteration is present.  
 
  
 
  
Figure 2.14. Plane and crossed polarized photomicrographs of radial dike SPD2. Note the finer 
groundmass and plagioclase crystals similar to SPD1; however, this sample has more biotite, less 
quartz and is the first sample to include calcite.  
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4. SPD3 
 
The radial dike sample SPD3 has a porphyritic texture with the same phenocrysts and 
fine groundmass of plagioclase, quartz and opaques. This sample is virtually identical to SPD2 
except for mineral abundances which differ minutely – plagioclase is 40%, amphibole 5%, 
biotite 25%, quartz 5%, opaques 10%, chlorite 10% and epidote 5% (Figure 2.15). Notably the 
plagioclase crystals are the biggest of the two previous dikes and the biotite in this dike has been 
altered displaying a wavy like texture with holes. Amphibole is very scarce.  
 
 
  
Figure 2.15. SPD3 visually seems the same as SPD2 (cf. Figure 2.14), yet differs in minor 
variations of mineral abundances. Note the large, complexly twinned and zoned plagioclase 
phenocrysts (bottom of B) which are the largest of the other radial dikes.
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5. SPD4 
 
The last radial dike examined in thin section most resembles the host dike because it also 
has a porphyritic texture with phenocrysts of amphibole, plagioclase and clinopyroxene in a fine 
plagioclase matrix. Mineral abundances for this dike are amphibole 20%, plagioclase 25%, 
clinopyroxene 20%, orthopyroxene 10%, opaques 15% and chlorite 10% (Figure 2.16). 
Amphiboles in this slide are light brown, sub- to euhedral and around 2 mm in size. Plagioclase 
is zoned, simple twinned and invaded by chlorite. Clinopyroxenes are highly fractured and either 
altered by chlorite or invaded by the groundmass. 
 
  
Figure 2.16: This sample bears the closest semblance to the host dike (cf. Figure 2.3A). This sample 
has phenocrysts of subhedral amphiboles and and a high abundance of clinopyroxene/plagioclase. 
Similar to the host dike, chlorite affects the clinopyroxene only and overall alteration is minimal.  
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Chapter 3 
 
MINERAL CHEMISTRY 
 
Introduction 
 
Mineral chemistry for amphiboles, plagioclase feldspars and clinopyroxenes in a total of 
six xenolith samples (IC-2, 6, 7, 8, 11, 14) were determined by electron microprobe analysis. 
Analytical results for all data can be found in Tables 3.1 to 3.6. 
 
Plagioclase Feldspars 
 
 Plagioclase feldspars were found in all samples except for IC-14. They range in 
composition overall from albite to labradorite (Fig. 3.1; Tables 3.1 and 3.2). Samples IC-6 and 8 
exhibit higher amounts of Na making them sodic plagioclases (An10-20Ab90-80) whereas samples 
IC-7 and 2 demonstrate transitioning plagioclase both sodic and calcic (An40-50Ab50-40), and 
finally sample IC-11 is the only primarily calcic sample (An65Ab35). Sample IC-11 was the only 
sample to have zonation with a calcic rim and more sodic center.  
 
Figure 3.1. Feldspar plot of xenoliths samples demonstrating the range of compositions from 
sodium to calcium plagioclase. Notice IC-7 host dike and xenolith plagioclase in the same 
sample are different, yet both the host dike and xenolith plot with other xenolith samples. Axes 
in Mol. Percentage.   
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Table 3.1. Plagioclase electron microprobe of xenolith samples IC-2, 6 and 8 which all 
demonstrate higher amounts of sodium.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample IC- 2 2 2 
 
6 6 6 
 
8 8 
 
Xenolith  
 
Xenolith  
 
Xenolith   
Label And  Olig/And And 
 
Alb/Olig Olig Alb 
 
Olig Alb/Olig 
SiO2 53.53 58.39 53.75 
 
66.16 64.73 66.29 
 
64.25 65.77 
Al2O3 27.55 24.98 27 
 
21.83 22.7 21.5 
 
22.31 21.38 
FeO 0.4163 0.1276 0.4317 
 
0.0029 0.0529 0.0279 
 
0.0475 0.0381 
CaO 8.99 4.63 8.8 
 
1.8787 2.9935 1.4484 
 
3.7 2.1541 
Na2O 5.16 7.46 5.55 
 
10.64 10.08 10.77 
 
9.48 10.53 
K2O 0.7101 1.0155 0.4904 
 
0.1236 0.0849 0.3738 
 
0.0777 0.1561 
Total 96.53 96.66 96.08 
 
100.65 100.64 100.44 
 
99.87 100.03 
Number of Ions based upon 8 Oxygen 
    Si 4.996 5.369 5.031 
 
5.767 5.658 5.785 
 
5.684 5.773 
Al 3.03 2.7074 2.979 
 
2.243 2.3391 2.2109 
 
2.3266 2.2118 
Fe 0.0325 0.0098 0.0338 
 
0.0002 0.0039 0.002 
 
0.0035 0.0028 
Ca 0.8988 0.456 0.8827 
 
0.1755 0.2804 0.1354 
 
0.3505 0.2026 
Na 0.9343 1.3301 1.0069 
 
1.7992 1.708 1.8215 
 
1.6263 1.7927 
K 0.0845 0.1191 0.0586 
 
0.0137 0.0095 0.0416 
 
0.0088 0.0175 
Total  9.9761 9.9914 9.992 
 
9.9986 9.9989 9.9964 
 
9.9997 10.0004 
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Table 3.2. Plagioclase probed from samples IC-7 and 11 represent more homogeneous, calcic 
xenolith plagioclase with the exception of one mineral from IC-11 which exhibits zonation 
marked by *core and *rim. Sample IC-7 plagioclase was also probed within the host rock. 
(Lab=labradorite, And =Andesine, Olig = oligoclase, Byt = Bytownite) 
 
 
 
Clinopyroxene 
 
 Clinopyroxene was probed in xenoliths only, i.e. samples IC-2, 8 and 14. The majority of 
clinopyroxenes were calcium and magnesium rich (Fig. 3.2; Table 3.3). Of the three samples, IC-
2 and IC-8 were augites with lower amounts of Ca (11.4-12.1 weight percent oxide) and Mg 
(12.2-12.8 weight percent oxide). Sample IC-14, the freshest sample in the group, was notably 
higher in Ca (20.7-20.9 weight percent oxide) and Mg (12.7-14.6 weight percent oxide) which 
makes it a diopside. Samples IC-2 and IC-8 have relatively high amounts of Fe (13-15 weight 
percent oxide) while sample 14 has roughly half the amount at 7.3-7.5 weight percent oxide.  
Sample 
IC- 7 7 7 7 
 
7 
 
11 11 11 11 
 
Xenolith 
 
Host Dike  
 
Xenolith 
Label Lab Lab And And 
 
Olig 
 
Lab 
*Core 
Lab 
*Rim 
Lab/Byt  Lab 
SiO2 53.76 52.19 55.2 56.86 
 
61.66 
 
52.84 54.35 50.36 51.93 
Al2O3 28.58 29.71 26.39 26.33 
 
21.42 
 
29.45 29.64 31.83 29.35 
FeO 0.4089 0.4147 0.425 0.3858 
 
0.1088 
 
0.3778 0.4161 0.5502 0.4359 
CaO 11.01 9.52 9.64 8.7 
 
2.6739 
 
11.51 11.33 14.14 11.56 
Na2O 4.75 4.66 5.45 5.97 
 
8.51 
 
4.73 4.82 3.23 4.54 
K2O 0.4083 0.3832 0.5461 0.5919 
 
1.365 
 
0.307 0.3014 0.1736 0.2803 
Total 98.98 96.96 97.71 98.89 
 
95.74 
 
99.28 100.91 100.33 98.16 
Number of Ions based upon 8 Oxygen 
    Si 4.914 4.86 5.096 5.172 
 
5.704 
 
4.81 4.871 4.576 4.786 
Al 3.079 3.26 2.8707 2.8228 
 
2.3354 
 
3.159 3.132 3.409 3.187 
Fe 0.0313 0.0323 0.0328 0.0294 
 
0.0084 
 
0.0288 0.0312 0.0418 0.0336 
Ca 1.0778 0.9498 0.953 0.8482 
 
0.265 
 
1.1225 1.0878 1.3768 1.1416 
Na 0.8427 0.8412 0.9762 1.0524 
 
1.5264 
 
0.8354 0.8369 0.5687 0.8115 
K 0.0476 0.0455 0.0643 0.0687 
 
0.1611 
 
0.0357 0.0345 0.0201 0.0329 
Total  9.9924 9.9888 9.993 9.9935 
 
10.0003 
 
9.9914 9.9934 9.9924 9.9926 
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Figure 3.2. Xenolith plot of clinopyroxene variation between diopside and augite from IC-2 
(green), IC-8 (red) and IC-14 (blue). Axes in Mol. Percentage.  
 
Table 3.3. Clinopyroxene probe data from xenolith samples  IC-2, IC-14 and IC-8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample 
IC- 
2 
 
8 8 8 
 
14 14 14 
 
Aug 
 
Aug Aug Aug 
 
Diop Aug Diop 
SiO2 50.26 
 
51.05 50.99 53.03 
 
49.39 51.27 51.38 
TiO2 0.42 
 
0.56 0.43 0.23 
 
1.17 0.78 0.86 
Al2O3 3.38 
 
4.16 4.82 2.31 
 
3.7 3.12 3.03 
Cr2O3 0.05 
 
0 0.04 0.02 
 
0.09 0.11 0.12 
FeO 13.03 
 
14.2 14.02 15.32 
 
7.49 7.3 7.39 
MnO 0.65 
 
0.66 0.66 0.89 
 
0.21 0.15 0.14 
MgO 12.68 
 
12.27 12.82 12.59 
 
12.74 14.59 13.82 
CaO 11.4 
 
12.12 12.03 12.02 
 
20.68 20.86 20.77 
Na2O 0.26 
 
0.28 0.31 0.2 
 
0.49 0.42 0.48 
Total 92.25 
 
95.41 96.28 96.7 
 
95.96 98.61 98 
Number of Ions based on 6 oxygen 
  
 
  Si 2.06 
 
2.03 2 2.09 
 
1.91 1.92 1.94 
Ti 0.01 
 
0.02 0.01 0.01 
 
0.03 0.02 0.02 
Al 0.16 
 
0.19 0.22 0.11 
 
0.17 0.14 0.14 
Cr 0 
 
0 0 0 
 
0 0 0 
Fe 0.45 
 
0.47 0.46 0.5 
 
0.24 0.23 0.23 
Mn 0.02 
 
0.02 0.02 0.03 
 
0.01 0 0 
Mg 0.77 
 
0.73 0.75 0.74 
 
0.74 0.81 0.78 
Ca 0.5 
 
0.52 0.5 0.51 
 
0.86 0.84 0.84 
Total 3.97 
 
3.97 3.97 3.98 
 
3.96 3.97 3.96 
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Amphiboles 
 
Amphiboles were probed in all six xenolith samples. All probed samples contained calcic 
amphiboles enriched in magnesium and titanium (Tables 3.4 to 3.6). Samples IC-11 and IC-14 
contained Mg dominant amphiboles (12.7-13.7 weight percent oxide) with significant amounts 
of Ti (3.8-4.3 weight percent oxide) making them pargasite amphiboles. Conversely, IC-8 had Ti 
dominant amphiboles (5.0-5.1 weight percent oxide), and slightly lower amounts of Mg (~13.0 
wt. percent oxide) making this the only sample with pure kaersutite amphiboles.  
 
As such, the remaining three samples IC-2, 6 and 7 are intermediate, varying between 
both kaersutite and pargasite, yet these were still Mg dominant (12.0-13.5 wt. % oxide) 
compared to Ti (3.7-5.1 wt. % oxide).  
 
Amphiboles from the host dike were also probed within samples IC-2 and IC-7 and 
reflected the same trend found within xenoliths (Table 3.6). IC-2 host rock amphibole was 
pargasitic (13.1/3.7 wt. % MgO/TiO2) while IC-7 was kaersutitic (12.0/4.5 wt. % MgO/TiO2). 
The similarity of the composition of the amphiboles in the xenoliths and host dike are one piece 
of evidence that the xenoliths are cognate, formed by crystallization deeper in the magma 
plumbing system of magmas similar to the host dike (see chapter V). 
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Table 3.4. Pargasitic amphiboles (parg) probed from xenolith samples IC-11 and 14 only.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample IC- 11 11 11 
 
14 14 14 
 
Xenoliths 
 
Xenoliths 
  parg parg parg 
 
parg parg parg 
SiO2 41.01 40.73 40.75 
 
40.90 41.55 40.60 
TiO2 4.27 4.07 4.25 
 
3.46 4.09 3.80 
Al2O3 13.24 12.77 13.13 
 
11.61 11.50 12.01 
Cr2O3 11.34 11.28 11.23 
 
11.31 11.12 11.62 
FeO 0.15 0.17 0.14 
 
0.14 0.12 0.20 
MnO 13.27 13.61 13.50 
 
12.85 13.66 12.69 
MgO 11.33 11.22 11.43 
 
11.00 11.20 10.99 
CaO 2.58 2.57 2.60 
 
2.51 2.63 2.44 
Na2O 0.98 0.95 0.92 
 
0.93 0.80 0.81 
Total 98.18 97.45 98.07 
 
94.91 97.00 95.44 
        Total Number of Ions based on 24 Oxygen 
  Si 5.72 5.71 5.69 
 
5.91 5.87 5.85 
Ti 0.45 0.43 0.45 
 
0.38 0.43 0.41 
Al 2.18 2.11 2.16 
 
1.98 1.91 2.04 
Fe 1.32 1.32 1.31 
 
1.37 1.31 1.40 
Mg 2.76 2.84 2.81 
 
2.77 2.87 2.73 
Ca 1.69 1.69 1.71 
 
1.70 1.69 1.70 
Na 0.70 0.70 0.70 
 
0.70 0.72 0.68 
K 0.17 0.17 0.16 
 
0.17 0.14 0.15 
Total  15.00 14.99 15.00  14.98 14.97 14.98 
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Table 3.5. The only completely kaersutitic (kae) amphibole probed from xenolith sample IC-8.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample IC- 8 8 8 
 
Xenolith 
 
kae kae kae 
SiO2 39.08 39.37 39.16 
TiO2 5.11 5.02 5.03 
Al2O3 13.96 13.86 13.99 
FeO 11.10 11.04 10.98 
MnO 0.09 0.15 0.10 
MgO 12.90 12.97 12.99 
CaO 11.48 11.59 11.51 
Na2O 2.42 2.46 2.46 
K2O 0.93 0.91 0.93 
Total 97.18 97.46 97.31 
    Total Number of Ions based on 24 Oxygen 
Si 5.52 5.54 5.52 
Ti 0.54 0.53 0.53 
Al 2.32 2.30 2.33 
Fe 1.31 1.30 1.30 
Mn 0.01 0.02 0.01 
Mg 2.72 2.72 2.73 
Ca 1.74 1.75 1.74 
Na 0.66 0.67 0.67 
K 0.17 0.16 0.17 
Total  15.00 15.00 15.00 
 
 3
8
 
 T
ab
le
 3
.6
. 
P
ro
b
e 
d
at
a 
fo
r 
sa
m
p
le
s 
IC
-2
, 
6
 a
n
d
 7
 d
em
o
n
st
ra
ti
n
g
 b
o
th
 k
ae
rs
u
ti
te
 (
k
ae
) 
an
d
 p
ar
g
as
it
e 
(p
ar
g
) 
in
 x
e
n
o
li
th
s.
 S
a
m
p
le
s 
IC
-2
 
an
d
 7
 a
ls
o
 c
o
n
ta
in
 a
m
p
h
ib
o
le
s 
p
ro
b
ed
 f
ro
m
 t
h
e 
h
o
st
 d
ik
e.
  
S
am
p
le
 
IC
- 
2
 
2
 
2
 
 
2
 
 
6
 
6
 
6
 
 
7
 
7
 
7
 
 
7
 
 
X
en
o
li
th
s 
 
H
o
st
 D
ik
e 
 
X
en
o
li
th
s 
 
X
en
o
li
th
s 
 
H
o
st
 D
ik
e 
 
k
ae
 
p
ar
g
 
p
ar
g
 
 
p
ar
g
 
 
p
ar
g
 
k
ae
 
p
ar
g
 
 
p
ar
g
 
p
ar
g
 
k
ae
 
 
k
ae
 
S
iO
2
 
4
0
.8
5
 
4
0
.5
0
 
4
0
.6
5
 
 
4
0
.8
6
 
 
4
0
.2
4
 
4
0
.2
1
 
3
9
.7
0
 
 
4
1
.4
9
 
4
0
.7
4
 
3
9
.4
7
 
 
4
0
.3
6
 
T
iO
2
 
4
.4
8
 
4
.3
5
 
4
.1
8
 
 
3
.7
0
 
 
4
.4
3
 
4
.5
1
 
4
.4
3
 
 
4
.3
7
 
4
.3
2
 
5
.0
5
 
 
4
.4
5
 
A
l2
O
3
 
1
1
.7
1
 
1
1
.8
5
 
1
1
.7
4
 
 
1
0
.5
3
 
 
1
3
.4
0
 
1
3
.7
2
 
1
3
.5
0
 
 
1
1
.3
6
 
1
0
.9
5
 
1
1
.9
6
 
 
1
1
.7
7
 
F
eO
 
1
0
.1
2
 
9
.8
6
 
1
0
.0
4
 
 
1
0
.1
2
 
 
1
1
.7
5
 
1
1
.4
7
 
1
1
.4
3
 
 
1
1
.6
6
 
1
1
.4
4
 
1
2
.6
1
 
 
1
0
.8
3
 
M
n
O
 
0
.1
7
 
0
.1
9
 
0
.1
8
 
 
0
.2
6
 
 
0
.1
2
 
0
.1
5
 
0
.1
4
 
 
0
.2
2
 
0
.1
8
 
0
.2
8
 
 
0
.2
1
 
M
g
O
 
1
3
.0
9
 
1
3
.3
8
 
1
3
.4
5
 
 
1
3
.1
2
 
 
1
2
.8
9
 
1
2
.6
1
 
1
2
.7
5
 
 
1
2
.6
0
 
1
2
.4
5
 
1
2
.2
3
 
 
1
2
.0
1
 
C
aO
 
1
0
.2
8
 
1
0
.2
9
 
1
0
.1
1
 
 
1
0
.1
9
 
 
1
1
.5
2
 
1
1
.5
3
 
1
1
.3
6
 
 
1
0
.9
9
 
1
0
.9
7
 
1
0
.7
7
 
 
1
1
.3
0
 
N
a2
O
 
2
.6
4
 
2
.6
4
 
2
.5
8
 
 
2
.4
0
 
 
2
.4
0
 
2
.4
2
 
2
.4
3
 
 
2
.4
3
 
2
.3
5
 
2
.3
8
 
 
2
.6
8
 
K
2
O
 
0
.8
5
 
0
.8
5
 
0
.8
3
 
 
1
.0
8
 
 
1
.0
9
 
1
.0
7
 
1
.1
0
 
 
1
.2
6
 
1
.3
2
 
1
.0
5
 
 
1
.1
2
 
T
o
ta
l 
9
4
.3
1
 
9
3
.9
8
 
9
3
.8
5
 
 
9
2
.3
8
 
 
9
7
.9
6
 
9
7
.8
8
 
9
7
.0
0
 
 
9
6
.4
9
 
9
4
.9
6
 
9
5
.8
3
 
 
9
4
.9
3
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
T
o
ta
l 
N
u
m
b
er
 o
f 
Io
n
s 
b
as
ed
 o
n
 2
4
 O
x
yg
en
 
 
 
 
 
 
 
 
 
 
A
m
p
h
 1
 
A
m
p
h
 2
 
A
m
p
h
 3
 
 
R
o
ck
 A
m
p
h
 
A
m
p
h
 1
 
A
m
p
h
 2
 
A
m
p
h
 3
 
A
m
p
h
 1
 
A
m
p
h
 2
 
A
m
p
h
 3
 
 
R
o
ck
 A
m
p
h
 
S
i 
5
.9
3
 
5
.8
8
 
5
.9
1
 
 
6
.0
5
 
 
5
.6
5
 
5
.6
5
 
5
.6
2
 
 
5
.9
3
 
5
.9
2
 
5
.7
0
 
 
5
.8
5
 
T
i 
0
.4
9
 
0
.4
7
 
0
.4
6
 
 
0
.4
1
 
 
0
.4
7
 
0
.4
8
 
0
.4
7
 
 
0
.4
7
 
0
.4
7
 
0
.5
5
 
 
0
.4
9
 
A
l 
2
.0
0
 
2
.0
3
 
2
.0
1
 
 
1
.8
4
 
 
2
.2
2
 
2
.2
7
 
2
.2
5
 
 
1
.9
1
 
1
.8
8
 
2
.0
4
 
 
2
.0
1
 
F
e 
1
.2
3
 
1
.2
0
 
1
.2
2
 
 
1
.2
5
 
 
1
.3
8
 
1
.3
5
 
1
.3
5
 
 
1
.3
9
 
1
.3
9
 
1
.5
2
 
 
1
.3
1
 
M
n
 
0
.0
2
 
0
.0
2
 
0
.0
2
 
 
0
.0
3
 
 
0
.0
1
 
0
.0
2
 
0
.0
2
 
 
0
.0
3
 
0
.0
2
 
0
.0
3
 
 
0
.0
3
 
M
g
 
2
.8
3
 
2
.9
0
 
2
.9
2
 
 
2
.9
0
 
 
2
.7
0
 
2
.6
4
 
2
.6
9
 
 
2
.6
8
 
2
.7
0
 
2
.6
3
 
 
2
.6
0
 
C
a 
1
.6
0
 
1
.6
0
 
1
.5
8
 
 
1
.6
2
 
 
1
.7
3
 
1
.7
4
 
1
.7
2
 
 
1
.6
8
 
1
.7
1
 
1
.6
7
 
 
1
.7
5
 
N
a 
0
.7
4
 
0
.7
4
 
0
.7
3
 
 
0
.6
9
 
 
0
.6
5
 
0
.6
6
 
0
.6
7
 
 
0
.6
7
 
0
.6
6
 
0
.6
7
 
 
0
.7
5
 
K
 
0
.1
6
 
0
.1
6
 
0
.1
5
 
 
0
.2
0
 
 
0
.2
0
 
0
.1
9
 
0
.2
0
 
 
0
.2
3
 
0
.2
5
 
0
.1
9
 
 
0
.2
1
 
T
o
ta
l 
 
1
5
.0
0
 
1
4
.9
9
 
1
5
.0
0
 
 
1
5
.0
0
 
 
1
5
.0
0
 
1
5
.0
0
 
1
5
.0
0
 
 
1
5
.0
0
 
1
5
.0
0
 
1
5
.0
0
 
 
1
5
.0
0
 
 
 39 
 
Chapter 4 
 
ROCK TRACE-ELEMENT CHEMISTRY 
 
Introduction 
This chapter provides bulk rock chemistry, specifically trace element data, for thirteen 
xenoliths (Table 4.1), the host dike (Table 4.2), some other nearby radials dikes (Table 4.2) and 
the W. Spanish Peak stock (Table 4.2).  
 
Xenoliths 
 
All xenolith samples are relatively rich in titanium (>10,000 to >24,000 parts per million; 
Table 4.1) compared to the radial dikes (Fig. 4.1) and West Spanish Peaks stock granite 
(Miggens, 2004). Most xenoliths also contain higher concentrations of Mn and Sr (up to >1200 
ppm; Fig. 4.1) relative to the host dike, other nearby radial dikes and W. Spanish Peak stock.  
 
Dikes 
 
 The host dike and other radial dikes surrounding W. Spanish Peak display a variety of 
compositions (Table 4.2). The host dike has the most Ti (>9,000 ppm) of all other dikes, while 
the other dikes have as low as only 1000-2000 ppm Ti, both of which are still significantly less 
than even the lowest Ti rich xenoliths. Relative to xenoliths, the host dike is enriched in Rb (Fig. 
4.2), Ba (roughly 3-4 times greater; Fig. 4.4), while some of the other of trace elements like Nb 
(Fig. 4.3) and La (Fig. 4.4) mostly follow a similar trend of host dike enrichment relative to the 
xenoliths, while Sr (Fig. 4.1), Ni and Cr (Fig. 4.5) are depleted relative to the xenoliths. That is 
because the first group are incompatible elements and the second group are compatible elements 
(see Chapter V).  
 
 
West Spanish Peaks Stock 
 
 The granitic stock of W. Spanish Peak is different than xenoliths with respect to Rb (Fig. 
4.2), Nb (Fig. 4.3), and Ba (Fig. 4.4) while similar in with respect to Cr (Fig. 4.5). However, it 
does share an overall enrichment albeit somewhat different in Ba, Sr, Mn and most notably Ti.  
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Figure 4.1. Trace element plot of titanium versus strontium of xenoliths, host and radial dikes 
and granitic stock of West Spanish Peak. Notice the wide distribution of xenoliths but overall 
trend between dikes and xenoliths.  
 
 
Figure 4.2. Bulk rock trace element plot of titanium and rubidium of xenolith, host and other 
dikes, and granitic stock demonstrating incompatible Rb and compatible Ti.  
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Figure 4.3. Trace element plot of titanium versus niobium which again shows 
enrichment/depletion trends between xenolith, dikes and granitic stock.  
 
 
 
Figure 4.4. Trace element plot of barium versus lanthanum of xenoliths, host and radial dikes and 
granitic stock.  
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Figure 4.5. Bulk trace element data for chromium and nickel of (non) clinopyroxene bearing 
xenoliths (blue) and red, and granitic stock. Observe the trend between West Spanish Peak stock 
and clinopyroxene rich xenoliths.  
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Table 4.1. Table of trace and rare earth element concentrations (ppm) for Xenolith Samples IC-
2A, 2B, 3, 4, 6A, 6B, 7, 8, 10, 11, 12, 14A, B.  
 
Xenolith Samples IC- 
 
4 3 11 8 6A 7 10 12 6B 14B 2A 2B 14A 
Ti 24607 21970 20812 19428 19156 18860 15859 15665 14022 12480 12472 11364 10656 
V 520 447 384 463 406 320 323 368 319 339 344 311 382 
Cr 3 20 26 22 3 15 2 213 14 661 122 98 690 
Mn 2411 1244 1188 1839 1549 1347 1362 2135 1702 1954 1697 1981 1958 
Co 70 67 59 64 56 47 45 61 46 65 47 44 73 
Ni 47 94 91 145 47 62 44 125 52 259 114 90 250 
Cu 94 97 70 81 28 72 32 107 79 21 52 24 17 
Zn 302 197 174 216 173 212 141 215 160 145 170 172 137 
Rb 8 6 6 24 17 6 20 10 26 4 13 21 4 
Sr 747 954 890 900 1052 1222 1026 671 1010 355 1169 1418 372 
Y 27 30 27 19 24 39 24 30 24 25 20 19 26 
Zr 81 59 55 82 78 92 80 71 95 75 66 57 85 
Nb 27 18 25 26 27 40 33 19 31 16 17 16 12 
Cs DL DL 0.1 DL DL DL DL 0.5 DL DL 0.14 0.20 DL 
Ba 496 438 497 749 610 631 785 439 1044 619 545 730 138 
              La 17.7 44.2 28.9 24.5 35.8 26.9 51.1 33.4 42.0 24.3 33.3 26.8 15.0 
Ce 44.3 88.8 67.0 57.9 77.0 54.7 114.7 69.7 84.5 59.1 65.4 54.0 37.8 
Pr 6.45 10.88 9.59 8.28 9.93 6.92 14.99 9.25 11.17 8.89 7.85 6.66 5.59 
Nd 30.1 45.7 44.2 38.7 41.0 28.0 64.2 40.0 49.0 41.0 32.4 28.9 26.5 
Sm 7.81 9.38 10.15 9.30 9.48 6.96 13.87 8.88 10.20 9.90 7.10 6.45 6.38 
Eu 2.42 3.16 3.06 2.93 3.03 2.46 4.00 2.81 3.14 3.07 2.40 2.15 2.00 
Gd 9.22 10.93 12.03 10.57 10.45 8.19 15.91 10.31 11.80 11.80 8.01 7.59 7.89 
Tb 1.14 1.18 1.45 1.34 1.14 0.86 1.81 1.14 1.34 1.37 0.85 0.81 0.95 
Dy 5.53 5.53 7.15 6.41 5.64 4.50 8.89 5.37 6.15 6.87 4.22 4.17 5.21 
Ho 1.05 0.92 1.23 1.12 0.95 0.75 1.53 0.91 1.00 1.22 0.70 0.71 0.91 
Er 3.00 2.87 3.40 3.22 2.72 2.15 4.53 2.82 2.88 3.36 2.08 2.06 2.57 
Tm 0.29 0.28 0.36 0.32 0.24 0.19 0.46 0.23 0.24 0.31 0.17 0.19 0.29 
Yb 2.17 1.77 2.41 2.05 1.69 1.40 3.27 1.83 1.90 2.10 1.42 1.49 2.00 
Lu 0.27 0.25 0.27 0.24 0.18 0.14 0.36 0.20 0.23 0.26 0.14 0.18 0.21 
              
Hf 2.6 3.1 2.6 3.5 2.9 2.7 3.2 2.6 2.6 2.1 1.7 1.9 2.9 
Pb 11.5 16.4 23.0 8.9 12.3 23.3 18.3 17.4 24.4 14.2 14.0 11.7 7.9 
Th 0.9 3.8 1.4 2.7 3.2 2.8 1.3 2.3 2.9 0.4 1.8 1.5 0.7 
U 0.3 1.3 0.4 0.2 1.0 0.8 0.5 0.8 0.8 0.2 0.7 0.7 0.3 
 
 
 
 44 
 
 
Table 4.2. Table of trace and rare earth element concentrations (ppm) for host and radial dikes 
and stock of West Spanish Peak. Granitic stock taken from Miggens, 2002. 
 
Dikes 
 
Stock 
 
HD 17 SPD1 SPD3 SPD4 SPD-T1 SPD-T2 
 
Miggens  16 
Ti 9292 2571 1552 4069 8233 9034 8613 
 
- 9713 
V 276 119 75 127 233 221 222 
 
- 195 
Cr 44 8 4 4 71 18 27 
 
31 40 
Mn 1359 306 594 744 1059 1156 1204 
 
- 953 
Co 29 18 10 11 32 24 35 
 
18 25 
Ni 61 36 22 28 89 47 52 
 
43 64 
Cu 55 12 5 11 49 26 19 
 
- 28 
Zn 143 118 56 88 124 154 148 
 
103 145 
Rb 48 96 142 97 32 24 32 
 
111 92 
Sr 1158 629 209 646 976 1003 872 
 
630 706 
Y 22 9 21 17 24 22 24 
 
- 22 
Zr 179 67 84 169 164 178 154 
 
321 38 
Nb 51 21 79 59 40 56 49 
 
- 58 
Cs 0.1 0.41 0.78 DL DL DL DL 
 
3.3 2.1 
Ba 1697 1136 543 1306 1002 1083 1224 
 
999 908 
           
           La 30.9 52.9 55.4 59.6 66.1 34.8 52.7 
 
55.7 51 
Ce 53.9 97.9 102.4 108.6 114.7 60.5 100.4 
 
100 98.8 
Pr 5.27 11.1 11.16 12.2 11.95 5.94 11.34 
 
- 11.2 
Nd 17 40 40.4 44.2 40.1 20.4 42.6 
 
39.6 41 
Sm 3.75 7.7 8.01 8.1 6.88 3.83 8.17 
 
7.83 8.64 
Eu 1.33 2.7 2.29 2.6 2.14 0.81 2.5 
 
1.8 2.81 
Gd 3.75 8.2 9.35 9.2 8.27 5.16 9.29 
 
- 8.94 
Tb 0.28 1.07 0.95 0.99 0.73 0.55 0.99 
 
0.81 0.92 
Dy 1.75 4.29 4.69 4.59 3.3 3.31 4.72 
 
- 4.44 
Ho 0.24 0.78 0.79 0.77 0.54 0.68 0.86 
 
0.9 0.71 
Er 0.93 2.15 2.39 2.38 1.94 2.2 2.64 
 
- 2.2 
Tm 0.06 0.24 0.21 0.27 0.19 0.35 0.26 
 
0.35 0.2 
Yb 0.71 1.62 1.69 1.79 1.35 2.82 2.07 
 
2.12 1.72 
Lu - 0.21 0.2 0.21 0.15 0.36 0.26 
 
0.3 0.2 
           Hf 2.1 4.1 1.5 4.5 4.2 4.8 4.6 
 
8 4.3 
Pb 30.4 19 12.7 15 18.1 20.3 9.2 
 
- 12.3 
Th 18 7.2 21.4 8.8 10.6 23.1 7.6 
 
20.1 7.7 
U 5.4 2.3 5 2.9 3.1 6 1.9 
 
5.5 2.5 
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Chapter 5 
 
DISCUSSION AND CONCLUSIONS 
 
General 
 
 The xenoliths described in this study provide further information concerning the geology 
of the Spanish Peaks region. By understanding how these xenoliths formed, it is possible to 
obtain a better picture how exactly the magma of the Spanish Peaks igneous complex evolved in 
the past as a result of proximity to the Rio Grande Rift. 
  
Mineral and trace element chemistry suggest xenoliths are cognate. Evidence for this is 
the observation that xenoliths, host dike and radial dikes have similar mineral assemblages 
including amphibole, clinopyroxene and plagioclase, though in different proportions. Of those 
minerals, the amphibole and plagioclase crystals show similar mineral chemistry between 
xenoliths and the host dike. This suggests the xenoliths, host dike and radial dikes of Western 
Spanish Peak share a common, parent magma. 
 
Since xenoliths, host dike, and radial dikes are all cognate from a common magma 
system, there must have at least been a sequence of two events to form the xenoliths and 
transport them to the surface as indicated by the difference in xenolith/host dike texture 
(summarized in Figure 5.1). The coarse grained gabbroic xenoliths cooled slowly from this 
common magma in an underground magma chamber (Fig 5.1A) to form a pluton, whereas the 
fine grained host dike moved to the surface faster, thus cooling faster in a thin body near the 
surface. As the host dike moved to the surface, it incorporated the gabbroic xenoliths from the 
deeper, already crystallized pluton (Fig. 5.1B).  
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Figure 5.1A and B. (A) The general intrusion of any radial dike (except the host dike which 
came later) e.g. SPD1-4, T1 or T2 are all derived from a common parent magma source after 
crystal-liquid fractionation in a subsurface magma chamber. As the parental magma rises 
towards the surface, it pools in a magma chamber where crystal fractionation occurs creating 
gabbroic plutonic rocks (labeled X) and a more evolved radial dike. (B) The younger intrusion of 
the host dike, again deriving from a common parent magma. As it rises towards the surface, it 
cuts through into the gabbro plutonic body and incorporates the “cognate” xenoliths (again 
labeled X) of this pluton and transports them to the surface.  
 
The large size of some amphiboles in the xenoliths indicate a longer period of time for 
them to grow as they cooled within a subsurface chamber, or more rapid growth in the presence 
of water, as opposed to crystallizing out of the host dike magma as it rises towards the surface 
and cools quickly. Xenoliths displaying amphiboles as spike textures (IC-6A) or massive 
phenocrysts (IC-8) reinforce the notion of longer cooling periods within a magma chamber. For 
amphiboles that had a preferential elongation (sample IC-6), this was possibly caused by 
gravitational settling, or stress related to flow, but only on a small scale.  
 
In relation to the Rio Grande Rift and building off the Spanish Peaks regional genesis 
model of Penn (1994; Fig. 1.5), in general all the radial dikes, including the host dike, evolved 
from a similar parent magma. This magma started to rise and followed in the same route as W. 
Spanish Peak through the magma plumbing system. At one stage (Fig. 1.5D) some of this 
magma would become trapped and pool in a subsurface pluton where the mafic minerals, namely 
amphibole, would begin to fractionate out of the liquid magma (Fig. 5.1A). These fractionated 
cumulates would later become xenoliths included in a younger dike.  
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The second event in this sequence is the intrusion of the actual host dike, also deriving 
from a similar parent magma. As this magma rises, it comes in contact with this xenolith-
chamber and as it does, it includes the xenoliths on its way to the surface (Fig. 5.1B) ultimately 
emplaced as the radial host dike among other radial dikes of the area (Fig. 1.5E).  
 
 
Fractional crystallization models 
 
This mineralogical and petrological model is consistent with mineral and bulk rock trace 
element chemistry which revealed that the host dike can be related to other dikes through a 
common parent magma by fractional crystallization of a combination of mineral phases similar 
to those found in the xenoliths.  
 
Using the Rayleigh fractionation equation (Eqn. 1) from Cox et al. (1979) a fractionation 
model shows plausible, cognate trends between host and radial dikes (Figure 5.2).  
 
 
 
 	                                                           Eqn. 1 
 
where CL and C0 are concentrations of a trace element in a fractionated dike and an 
unfractionated parent magma, respectively, F is the fractional percentage of the crystals removed 
from the unfractionated original liquid to form the host dike, and D represents the bulk 
distribution coefficient or product of mineral abundances and how they tend to behave according 
to solubility rules.  
 
The use of Rayleigh fractionation assumes the magma system is closed, i.e. the hot, 
magma body does not melt country rock and incorporate it, and for this case, the host dike 
minimizes country rock assimilation. This assumption is accurate since the host dike has a more 
or less similar composition to other radial dikes of the area meaning some variation took place in 
genesis, but not enough to account for an open system and further fractionation into felsic rock 
types.  
 
I calculated various models and found that at F = 61% removal of crystals from the host  
dike of a normalized concentration of 69% amphibole, 28% clinopyroxene and 3% plagioclase, it 
is possible to genetically derive an average Spanish Peaks dike. The crystals subtracted from the 
host dike form a residue, according to general mass balance (Eqn. 2), that is chemically similar 
to the xenoliths (Figure 5.2).  
 

                   Eqn. 2 
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 where the Parent in this case is taken to be the elemental concentration in the Host Dike, 
CR is the residuum concentration of crystals left after the fractionated liquid (CL) was formed by 
the subtraction of the crystals (CR) that ultimately form xenoliths.  
 
 
Figure 5.2. This plot shows the fractionation trend between Rubidium and Titanium between the 
host dike and the average of all other radial dikes. Rayleigh (Cox et al., 1979) and mass balance 
Eqns. display a fractionation trend whereby the average dike and xenoliths all derive from a 
common parent magma similar to the host dike.. 
 
Table 5.1. 50% Fractionation of Amphibole 
  C0 CL 
Rb 48 95 
Ti 9292 14784 
 
 
Table 5.2. 50% Fractionation of Clinopyroxene 
  C0 CL 
Rb 48 95 
Ti 9292 14784 
 
Table 5.3. 50% Fractionation of Plagioclase Feldspar 
  C0 CL 
Rb 48 77 
Ti 9292 18571 
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Future Work 
 
Though the scope of this thesis is somewhat limited, further research could yield better, 
more cohesive results and conclusions.  
 
Since apatites were found in a variety of samples, radiometric dating of xenoliths and the 
host dike would reveal their general ages. From these ages, a more accurate sequence of dike 
intrusions for the subsurface model (Fig. 5.1) and erosion and exposure of the entire complex 
could be produced to understand the geochronology with more accuracy.  
 
Another possible area of further research would be obtain bulk rock trace element 
chemistry of opaques (titanomagnetites) to further constrain the fractionation trends since 
rubidium does not seek to enter magnetites, while the titanium concentrations would still be 
elevated in xenolith samples by this mineral. Major element, bulk rock chemical analysis would 
also help quantitatively classify xenoliths and host dike rock types to other radial dikes and 
granite stock of the local region. This model would provide further direct insight into the relation 
to the Rio Grande Rift.  
 
Additionally, the simple act of collecting more xenolith samples, especially ones subject 
to less alteration, would increase precision of the chemical data set and petrological properties, as 
well as providing detailed field observations which could be used to further constrain the timing 
of the intrusion sequence.  
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